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Simultaneous temporally resolved indoor and outdoor
measurements of ammonia and nitric acid are valuable
for determining the gas-particle equilibrium conditions
governing concentrations of ammonium nitrate aerosol.
We report the results of simultaneous automated indoor and
outdoor measurements of ammonia and nitric acid
concentrations made at an unoccupied, single-story
residence in Clovis, CA during three periods from October
2000 to January 2001. The measurements were conducted
as part of a controlled study to explore mechanisms governing
indoor concentrations of fine aerosols of outdoor origin.
The gas-phase measurements were performed using diffusion
denuders and ion chromatography with 30 min temporal
resolution and detection limits below 1 ppb. The conditions
of the field experiment span a wide range of outdoor
climate as well as natural and forced indoor conditions.
During all periods ammonia concentrations were generally
slightly higher indoors than out, with both outdoor and
indoor concentrations varying in a range from approximately
5 to 30 ppb. Nitric acid was only detected in outdoor air
in October 2000, at concentrations up to 3 ppb. During the
October period, the product of outdoor nitric acid and
ammonia concentrations sometimes deviated from that
expected for equilibrium between gas and ammonium nitrate
particulate phases and the degree and direction of
disequilibrium were correlated with trends in air temperature.
The consistently low indoor concentrations of nitric acid
were not consistent with equilibrium between gas and particle
phases and suggest that a combination of low penetration
into the building and a high loss rate for nitric acid
reduce indoor concentrations significantly below those
outdoors.

Introduction
Ammonium nitrate and other inorganic species can constitute
a significant fraction of both indoor and outdoor particulate
matter less than 2.5 microns in size (PM2.5) (1-4). Am-
monium nitrate aerosol is a significant constituent of PM2.5
in the western United States (5). In other regions of the United
States ammonium sulfate aerosol forms a higher proportion
of PM2.5 mass; however, as sulfur emissions levels continue

to be reduced, ammonium nitrate will increase to form a
significant fraction of PM2.5 nationally.

Ammonium nitrate (NH4NO3) is a volatile aerosol species,
coexisting with its dissociation products, gaseous ammonia
(NH3) and nitric acid (HNO3). The gas-to-particle partitioning
is highly dependent on temperature and relative humidity
(6-8), the levels of the gaseous products, and the presence
of other species (e.g. sulfur) (5). Consistent with this,
experimental evidence suggests that ammonium nitrate
aerosol can undergo phase transitions during transport into
houses (9). In addition, indoor sources and sinks of gases
will influence the gas/particle equilibrium indoors. The
complexity of this problem suggests the need for a mecha-
nistic model to describe the transport and fate of indoor
aerosols of outdoor origin.

To investigate the physicochemical processes that affect
the indoor particles of outdoor origin, a controlled set of
field experiments was performed in an unoccupied single
story residence in Clovis, CA (10-12). The measurements
conducted in the house focused on providing data on indoor
and outdoor concentrations of PM2.5 particles as a function
of chemical concentration under a variety of house ventila-
tion, heating and cooling conditions. The building ventilation
and temperature were manipulated to achieve a range of
conditions that span those experienced in most residential
buildings.

To focus on the behavior of the ammonium nitrate system,
measurements of both particulate ammonium nitrate as well
as gas-phase ammonium and nitric acid were necessary. The
particulate ammonium nitrate was measured using the
integrated collection and vaporization cell (ICVC) system of
Stolzenburg and Hering (13), which provided simultaneous
indoor and outdoor particulate nitrate measurements with
10-minute time resolution. With such high time-resolved
particulate data, it was desirable to also measure both gas-
phase constituents with reasonable time resolution.

This paper focuses on the instrumentation developed to
provide simultaneous measurements of indoor and outdoor
ammonia and nitric acid at half-hour time resolution. The
instrument developed was based on previous systems
employing wet effluent denuders and ion chromatography
(14-20). The instrument performance is discussed, including
consideration of the problems associated with measuring
ambient gas concentrations under moist conditions when
gas loss on the denuder inlet may be significant. The results
of the gas-phase measurements performed at the Clovis field
location are examined to explore observed departures from
gas-aerosol equilibrium.

Materials and Methods
Soluble gas species are stripped from air samples using
matched indoor and outdoor wet effluent denuders. Briefly,
the denuders are comprised of an unetched (4 cm long, 0.4
cm inner diameter) glass inlet tube, used to create a laminar
flow of air, and a 70 cm lightly etched glass denuder tube.
Air is drawn through the denuders at a rate of 1.06 L min-1.
To prevent the entry of coarse particles and rain without
disturbing the air flow at the inlet, a 4 cm diameter PTFE
Teflon disk is mounted 2 cm above the denuder inlet using
a narrow (0.8 cm) stainless steel strip attached to the denuder
mounting stand (Figure 1). Deionized water is supplied to
top of the denuder by a peristaltic pump at a rate of 1.7 cm3

min-1, flows down the inner surface of the denuder tube,
and is collected in a collection cup. A second peristaltic pump
transports the water from the collection cup, into a flow
splitter, and to the valves that supply liquid to the anion and
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cation concentrator columns. The flow rate of the second
pump is adjusted so that a small amount of air is entrained
into the liquid stream to improve the performance of the ion
concentrators (18). The flow rates of denuder solution to the
anion and cation concentrators are balanced with needle
valves located downstream of the concentrators. Every 28
min, the concentrated ion solutions are swept off the
concentrators by IC eluents and injected into the IC system
for 2 min. The total volume of denuder solution supplied to
each concentrator is collected and measured periodically so
that the total number of ions in each stream can be calculated.

Denuder effluent and IC system eluent flows are controlled
using six eight-port pneumatic IC eluent valves that are
switched by 3-way solenoid driven air valves that are
controlled by a personal computer. The computer is also
used to digitize, display, and store the analogue output signals
from the anion and cation detectors. Data from each detector
channel are integrated to determine the area under the peaks
in time windows corresponding to the ions of interest. The
peak area is calculated as the area above a linear baseline
determined from the average of the data in 10-s intervals
immediately preceding and following the integration window.

During operation at the study house, the outdoor denuder
was vertically mounted on a pole with the denuder inlet
located approximately 4 m above ground level and about 3
m from the rear wall of the house. The indoor denuder was
located approximately 0.4 m away from the interior rear wall
of the house, with the inlet about 2 m above the floor. Small
diameter (0.05 cm i.d.) liquid supply lines transport the
denuder solution from the denuder to the IC system,
introducing no significant time delay between gas collection
and analysis. Both denuders were operated near ambient
temperature except during the winter, when a thermostat

controlled heater tape was used to prevent the outdoor
denuder and the liquid supply lines from freezing when the
air temperature dropped below 2 °C. The air pumps and
peristaltic pumps were located in an air-conditioned shed
behind the house with other instruments so that routine
maintenance and solution replacement could be performed
without affecting the house ventilation characteristics.

Laboratory Test Results. Laboratory tests were performed
to determine the IC system response and stability using liquid
calibration standards, the gas and ion collection efficiency
of the denuders and ion concentrators, and the transient
response of the complete system to changes in applied gas
concentration.

Liquid Calibration of Instrument Response and Stability.
The combined response of the ion concentrators and the IC
system was calibrated by flowing aqueous solutions contain-
ing known concentrations of the ions of interest (e.g. NH4-
NO3, NH4Cl, NaNO3, NaNO2, NH4SO4) directly into the
concentrator columns, bypassing the denuders. The ion
concentrations were varied over a range (deionized water to
approximately 600 nM) equivalent to sampling air containing
gas concentrations between 0 and 25 ppb (@ 25 °C) at 1.06
L min-1. Multipoint calibrations were performed in the
laboratory before and after the field measurements. Two point
(zero and span) liquid calibrations of the instrument response
were performed at the beginning and end of each of the
three field measurement periods. From the total set of
calibrations, daily averages of system response were calcu-
lated for each applied ion concentration. The average system
response is estimated by combining all of the calibration
data for each ion in linear regressions of applied ions versus
integrated peak area. The regressions yield calibration
coefficients with 1σ multiplicative uncertainties of 1.8, 3.2,
5, and 2.5%, and 2σ detection limits of 0.3, 0.5, 0.7, and 0.5
ppb for ammonium, nitrate, nitrite ions, and sulfate ions,
respectively.

We measured the stability of the instrument response by
applying a 50 nM NH4NO3 liquid standard over the course
of a 9 h measurement period. The rms variations in estimated
ion concentrations were 3% and 5% for ammonium and
nitrate signals, respectively. No significant trends with time
were observed. These results are roughly consistent with the
multiplicative uncertainties given above and suggest that
concentrations can be clearly (with 90% confidence) dis-
tinguished when they are above the detection limit and differ
by more than ∼5-10%.

Denuder Collection Efficiency. The gas collection system
was developed to allow detection of low concentrations of
ammonia and nitric acid in the presence of high concentra-
tions of ammonium nitrate aerosol. This requires separation
of the gaseous and aerosol constituents while minimizing
the disturbance of the gas/aerosol equilibrium in the inlet
and denuder system. Toward these ends it is desirable to use
a short inlet tube to create a laminar flow of air entering the
denuder and to minimize temperature differences between
the collection system and the ambient air. We chose to use
an unheated inlet tube with the knowledge that some of the
gas species may be reversibly or irreversibly absorbed on the
inlet tube. Accordingly we performed laboratory experiments
to estimate the gas loss on a dry inlet, the collection efficiency
of the complete denuder/IC system, and to estimate the loss
on a moist inlet.

First, we measured transmission of HNO3 through the
glass inlet with dry air by comparing the signals obtained
when switching a dilute HNO3 (∼3 ppb) source on and off
through inlet tubes of different materials. The concentration
of HNO3 was measured using a laser induced fluorescence
(LIF) system that measures NO2 directly (21) and HNO3 by
conversion to NO2. Using room temperature (20 °C) dry air,
the HNO3 signals obtained with a 6.5 cm long glass tube

FIGURE 1. Side section view of denuder inlet tube, PTFE Teflon
disk, water inlet, phase separator, and water and air outlets. The
PTFE disk is suspended 2 cm above the denuder inlet to prevent
the entry of coarse particles and rain.
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were within 95% of those obtained with a 8.5 cm PFA Teflon
tube which has been shown to transmit HNO3 with high
efficiency (22). The measurements were repeated with moist
air mixed into the sample stream using a mixing manifold.
When the relative humidity of the mixed air was greater than
20%, less than 10% of the applied HNO3 was transmitted by
the combination of the manifold and inlet tube. We conclude
that significant loss of HNO3 occurred on the manifold and/
or inlet when the relative humidity of the manifold air was
greater than 20%; however, we cannot uniquely attribute the
location of the loss.

Second, we measured the collection efficiency of the
complete denuder/IC system using the LIF system to the
measure the HNO3 concentration in a stream of dry (25 °C)
air supplied to the denuder inlets and the LIF system using
PFA tubing. The HNO3 concentrations measured by the
indoor and outdoor channels of IC system was 1.3 ( 0.2 ppb,
while the LIF system measured 1.5 ( 0.01 ppb. The ratio of
concentration measured by the denuder/IC system to
concentration measured by the LIF system suggests that the
total collection efficiency of the denuder/IC system is 87 (
12% for HNO3 in dry air. We also expect comparably high
collection efficiency for NH3, SO2, and HONO because their
effective Henry’s constants in solutions with 5 < pH < 7 are
large enough to ensure complete dissolution in the denuder
solution. Typically, the solution pH is maintained at or above
5.5 by the buffering provided by dissolved atmospheric CO2.
We do not, however, expect high collection efficiency for NO
and NO2 (23).

Last, we estimate the loss to a moist inlet tube using the
assumption that any molecule striking the wall is absorbed
and dissolved. We estimate the fraction, f, of gas molecules
reaching the wall of the inlet tube using the Gormley &
Kennedy (G&K) eq 24, which assumes the flow is laminar
and axial. The laminar assumption is easily satisfied because
the low flow rate in the tube results in an effective Reynolds
number, Re, of approximately 300, where Re ) du/ν, d is the
tube diameter, u is the mean velocity in the tube, and ν is
the kinematic viscosity. The G&K equation can be expressed
as

where δ ) πDL/(4F), D is the diffusivity (∼0.09 cm2 s-1 for
hydrated nitric acid), L is the denuder length, and F is the
volume flow rate in the tube. Equation 1 applied to the 4 cm
long inlet tube gives an inlet loss to of 44%. However, this
is probably a lower limit estimate of loss because the flow
entering the inlet is not perfectly axial and more molecules
will reach the tube wall than if the flow were axial (25). We
conclude that inlet loss of HNO3 can be significant under
moist conditions.

Transient Response to Change in Gas Concentration.
The transient response of the denuder and IC system to step
changes in applied NH3 gas concentration was also inves-
tigated. For these experiments, we modified the operating
program so that samples from a single denuder were
concentrated and analyzed every 15 min. For this purpose,
calibration gas was generated by mixing NH3 (approximately
10 ppm in N2) with UHP N2 at flow rates of 0.04 and 4 L
min-1, respectively. The time constant obtained by switching
the flow of NH3 on and off at the inlet to the denuder was
8 ( 1 min, which is rapid enough for use with the 30 min
integrations used in the field measurements. Although no
independent test of transient response to HNO3 was per-
formed, this and the denuder inlet transmission results
suggest that the system is likely to have an adequately rapid
response to HNO3 if the inlet air is dry. The transient response
of the system to time varying concentrations of NH3 and

HNO3 under conditions of moist air is considered in the
discussion section where comparisons are made between
the measurements and the concentrations expected for
equilibrium between gas and aerosol phases.

Field Measurements. Experimental Conditions. Field
measurements were performed over three intensive time
periods in October and December 2000 and January 2001 at
an unoccupied single story residence in Clovis, CA (lat ) 46°
47′ N, lon ) 119° 47′). A complete description of the
experimental design, measurements of building operating
conditions (temperature, pressure differentials, and air
exchange rates), and results for chemically speciated and
size resolved aerosols are described elsewhere (10-12).
Briefly, the house was a single story slab-on-grade structure
with an attached garage. The building interior had painted
gypsum-board walls and carpeting in all rooms except the
kitchen and bathroom and was sparsely furnished. All of the
measurements were deliberately performed without oc-
cupants present to eliminate indoor sources and particle
resuspension from the factors affecting indoor aerosol
concentrations. During the measurements, the outdoor
meteorological conditions varied over a broad range of
temperature and relative humidity. Indoor conditions were
either allowed to respond to outdoor forcing or were actively
manipulated using the heating and air conditioning system
and/or a large ventilation fan. The active manipulations were
designed to explore the parameter space of building pressure,
indoor temperature, and relative humidity that are likely to
affect transport and chemistry of outdoor aerosols in the
indoor environment. During all measurements, the air
exchange rate in the building was measured using a
continuous release of SF6 as a tracer gas.

Figure 2 shows the measured indoor and outdoor tem-
perature and relative humidity (RH). In general, indoor air
was warmer, drier, and less variable than the outdoor air.
Indoor temperature and RH ranged from 9 to 30 °C and 20
to greater than 95% respectively; outdoor temperature and
RH ranged from -1 to 35 °C and 20% to 100%. As shown in
the bottom panel of Figure 3, the building ventilation rate
varied from approximately 0.2 air changes per hour (ACH)
during periods without active forcing to 1-6 ACH during
experimental manipulations using active mechanical ven-
tilation (11).

f ) 0.819 exp(-14.627 δ) + 0.0976exp(-89.22 δ) +
0.001896exp(-212 δ) (1)

FIGURE 2. Temperature and relative humidity in indoor (solid lines)
and outdoor (dashed lines) air during October and December, 2000,
and January, 2001 field campaigns in Clovis, CA. Vertical bars
indicate the approximately week long periods when the ammonia
and nitric acid measurements were performed.
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Field Results. Instrument Operation. The instrument was
operated continuously during each of the measurement
periods and valid data for the ammonia and nitric acid were
collected 80-85% of the time in the winter and 50% of the
time in October when more time was spent with instrument
calibration and refinement. In the December and January
periods, calibrations consumed approximately 5% of the time,
and instrument settling following instrument maintenance
and repair required 10-15% of the time.

The relative response of the indoor and outdoor channels
was measured in the field at the end of each of the
measurement periods by colocating the denuders outside
the building. In each period, the ratio of indoor to outdoor
signals obtained using side-by-side denuders was within 5%
of unity. In a manner consistent with our experience in the
laboratory, it was found that the denuder tubes could be
used continuously for at least 2 days before small unwetted
areas (<1% of the tubes surface area) appeared in the upper
section of the denuder tube. During all field measurements
the denuder tubes were generally replaced after 48 h.

Measurements of Ammonia and Nitric Acid. Indoor and
outdoor concentrations of NH3 and HNO3 are shown in
Figures 3 and 4, while the mean and standard deviations are
given in Table 1. All concentrations are reported on a volume
basis and assume a collection efficiency of unity. Ammonia
was easily detected in both the indoor and outdoor air during
all periods. Measured indoor ammonia concentrations were
generally slightly higher and less variable than their respective
outdoor concentrations except for experiments in January
when the house was operated at high ventilation rates.

The high ammonia concentrations observed in outdoor
air are consistent with previous measurements and are due
to the prevalence of agricultural activities in the surrounding
region of the Central Valley of California (5). Because of the

consistently high NH3 concentrations, the presence of NH4-
NO3 (and other species) that would deposit on the inlet, and
the finite solubility of NH3 in water is buffered by ambient
CO2 and the mixture of other ions, we expect any moisture
on the inlet tube to be saturated with NH3 (26). As a
consequence, we do not expect significant loss of gaseous
NH3 on the inlet. However, we cannot rule out some inlet
loss of NH3 because the moisture on the inlet would likely
contain a complex mixture of atmospheric constituents.

Conversely, nitric acid was at or below detection limits
except during October when the outdoor concentrations of
nitric acid reached peak values of 2-3 ppb. Indoor nitric
acid concentrations were almost always less than 1 ppb,
except for a brief period when the building was operated
with high air exchange rates and outdoor concentrations
were high. Small negative average nitric acid concentrations
are estimated for the December period. These are due to a
drift in instrument offset that is not removed by the time
invariant offset subtraction and are well within the detection
limit of the instrument. The low wintertime outdoor nitric
acid concentrations are consistent with previous measure-
ments and are affected by titration of nitric acid by ammonia
(5), but because of the air was often at low temperature and
high relative humidity we cannot rule out the possibility that
loss on the denuder inlet occurred. The low indoor con-
centrations are consistent with previous indoor measure-
ments and suggest the presence of a significant sink of nitric
acid to indoor surfaces (27).

These measurements are unlikely to be significantly
affected by collection of ammonium nitrate aerosol because,
and as shown previously (18), the laminar flow of air through
the denuder tube does not cause particles to collide with the
water surface. Our data are consistent with this expectation.
If a significant amount of the ambient ammonium nitrate
particles was collected by the outdoor denuder, then a
measurable number of nitrate ions would have been detected.
From the particle measurements performed during the field
study, ammonium nitrate particle concentrations rose from
approximately 10-30 µg/m3 (equivalent to an ∼7 ppb
increase in HNO3 concentration) from January 20-22, 2001
(10). During this time period outdoor HNO3 concentrations
remained near the detection limit.

In addition to NH3 and HNO3, sulfate peaks (due to sulfur
dioxide) and a nitrite peak (presumably due to HONO) were
also measured in indoor and outdoor air at low concentra-
tions that ranged from nondetection to several ppb. Notably,
when detected, nitrite concentrations were not correlated
with nitric acid concentrations, in a manner consistent with
recent work on the surface chemistry of nitrogen species (28,
29).

Discussion
We can interpret the measurements of ammonia and nitric
acid by comparing the product of their concentrations to the
equilibrium product expected from the temperature and
relative humidity dependent gas-particle partitioning con-
stant, Kp, where in equilibrium

If ammonia and nitric acid are the dominant species (e.g.
sulfate is not scavenging ammonia), then the ammonia and
nitric acid should form a concentration product less than Kp

if aerosol is not present or is being lost, equal to Kp if the
gases are in equilibrium with aerosol, and greater than Kp if
aerosol is forming. If the rates necessary to attain equilibration
are sufficiently rapid, then the presence of aerosol should
limit the concentration product of ammonia and nitric acid
concentrations to the value given in eq 2. Aerosol can be
present in a solid phase under dry conditions and in an

FIGURE 3. Measured ammonia concentrations versus time from
field experiments. Top panel shows concentrations, while bottom
panel shows the ratio of indoor to outdoor concentrations and the
measured building air exchange rate.

TABLE 1. Mean and Standard Deviations of NH3 and HNO3
Concentrations Measured at the Clovis, CA Study House for
the Oct 2000, Dec 2000, and Jan 2001 Observation Periodsa

date
outdoor

NH3 (ppb)
indoor

NH3 (ppb)
outdoor

HNO3 (ppb)
indoor

HNO3 (ppb)

Oct 2000 12.4 (6.6) 21.2 (6.9) 0.3 (0.6) -0.1 (0.1)
Dec 2000 13.2 (4.2) 16.7 (4.1) -0.2 (0.1)b -0.2 (0.1)
Jan 2001 13.6 (5.1) 15.4 (4.1) 0.0 (0.2)b 0.0 (0.1)

a Concentrations are reported assuming no inlet loss. *Uncertainties
on outdoor HNO3 measurements in Dec 2000 and Jan 2001 are lower
limits because of the possibility of loss on the denuder inlet during
moist conditions.

Kp(T, RH) ) [NH3] × [HNO3] (2)
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aqueous phase for relative humidity above the point of
deliquescence, RHD

where T is the temperature in Celsius (8). This corresponds
to an RH of 60-70% at temperatures of 30-10 °C, respectively.
Because ammonium and nitrate ions are extremely soluble
in water, the gas-aerosol partitioning strongly favors aerosol
over gas (Kp drops sharply) when RH > RHD.

Ammonium nitrate aerosol was often present, and am-
monia concentrations were much higher than nitric acid
concentrations at Clovis; therefore, we can calculate the
expected concentration of nitric acid assuming equilibrium
with aerosol ammonium nitrate. As shown in Figure 4, the
measured nitric acid concentration often appears higher than
that predicted by gas-aerosol equilibrium in October. This
departure from equilibrium suggests that aerosols may have
been forming during these periods. We note that significant
inlet losses appear unlikely during these periods because
the departure from gas-aerosol equilibrium would be even
greater. Similarly, these results suggest that the temporal
response of the system to varying NH3 and HNO3 concentra-
tions is adequate to capture transients on the 30 min time
scale; if the system had a slow temporal response this would
result in underestimation of the peak concentrations that
are clearly higher than that expected for gas-aerosol equi-
librium.

Figure 5 shows the product of NH3*HNO3 compared to
the value of Kp predicted by Stelson and Seinfeld (6). It is
clear that many individual data points differ from that
predicted by equilibrium, which is noted on the graph by the
black line showing where the value of Kp and the product of
the gases are equal. Overlayed onto the individual data points
are contours of the time rate of change of the outdoor
temperature in °C/h. The figure shows that the more an
individual data point varies from equilibrium, the more
rapidly the temperature is changing with time. Points where
there is more gas than that calculated by equilibrium
correspond to decreasing temperatures. As the temperature
falls, the equilibrium shifts from ammonia and nitric acid to
ammonium nitrate aerosol, and if the system has not reached
equilibrium, excess gas will be present. Similarly, data points
with lower gas concentrations than those predicted by
equilibrium correspond to rising temperatures and a shift of
equilibrium from particulate to gases. These results show
that the system was not always in equilibrium at the 30 min

time scale of our measurements, which is consistent with
previous calculations of the time required to reach equilib-
rium due to gas-particle conversion (30).

In contrast to the fall period, HNO3 was only rarely
detected above the instruments detection limit in December
and January. The much lower HNO3 concentrations observed
in winter are not surprising because the low temperature
and high relative humidity result in most of the nitrate in the
aqueous phase. As shown in Figure 4, the values of Kp/NH3

are generally a small fraction of the detection limit of the
instrument. Although this supposition is consistent with
observed nondetections, we cannot rule out the possibility
that some loss of HNO3 onto the denuder inlet may have
occurred. To reduce the probability of loss on the denuder
inlet in future experiments we might suggest consideration
of using heated inlets and separate denuders for NH3 and
HNO3 with different inlet materials (22, 31). We note that
each of these choices involves tradeoffs; heating the inlet
walls can heat the inlet air and will cause some vaporization
of NH4NO3 aerosol, while separate denuders increases the
instrument complexity.

Indoor nitric acid generally appears to be far below the
gas-aerosol equilibrium value. The nondetection of indoor
HNO3 is unlikely to be due to inlet loss because the indoor
temperature was higher and relative humidity lower than for
the outdoor air in October (see Figure 2). Instead, these results
suggest that nitric acid is lost when penetrating the building
shell and/or is deposited on indoor surfaces more rapidly
than the ventilation rate supplies air to the building. This
conclusion is supported by the comparison between the gas-
phase observations and measurements of nitrate PM2.5.
Figure 6 shows the concentration of indoor and outdoor
ammonia gas and nitrate aerosol as well as indoor nitric
acid. The concentrations are all expressed in nmol/m3 for
ease of comparison. The outdoor ammonia and nitrate
aerosols are comparable. However, while there is a higher
concentration of ammonia inside, the indoor nitrate levels

FIGURE 4. Measured nitric acid concentrations from field experi-
ments. Nitric acid concentration expected from an equilibrium
partitioning between particle and gas phases (Kp/NH3) is shown as
a solid line. Horizontal lines indicate the estimated (1 sigma
uncertainty in instrument offset.

ln (RHD) ) 723.7/(T + 273.15) + 1.6954 (3)

FIGURE 5. Comparison of the product of the measured ammonia
and nitric acid concentrations against the partitioning constant, Kp,
for outdoor air in October. The solid circles are individual data
points. The contours illustrate values of the time rate of change of
the outdoor temperature in °C/h. The boldline shows the equilibrium
condition, where the value of Kp equals the product of the gas
species. Note that the degree and direction of the departure of
individual data points from gas-aerosol equilibrium anticorrelated
with the trend in the time rate of change in temperature, suggesting
that aerosols are forming during cooling periods and vaporizing
during warming periods.
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are much smaller than those measured indoors. During
infiltration, the nitrate aerosol moves from cooler outdoor
temperatures to warmer indoor temperatures, driving the
equilibrium toward the gas phase. This transformation
partially serves to explain the larger indoor concentrations
of ammonia. However, the nitric acid levels are much lower
than those that would be expected due to particle dissocia-
tion. We conclude that nitric acid gases are being lost in the
house, which is reflected in the very low to nondetectable
concentration measurements.

In conclusion, the partitioning between ammonium
nitrate aerosol and ammonia and nitric acid was ammonia
dominated in both indoor and outdoor air as expected for
the San Joaquin Valley (5) and suggest that, because there
were no known significant indoor sources, most of the
measured indoor ammonia and nitric acid were of outdoor
origin. Because indoor temperatures were generally higher
than outdoors, we expect that dissociation of ammonium
nitrate aerosol provided a source of both indoor ammonia
and nitric acid to indoor air. However, nitric acid was not
significantly detected in indoor air. These low concentrations
of nitric acid are consistent with the presence of a large loss
rate for nitric acid onto indoor surfaces as suggested in
previous work for this (9, 27) and other species in the indoor
environment (32, 33). These results emphasize the impor-
tance of time-resolved gas-phase and aerosol particle
measurements for obtaining an understanding the physi-
cochemical behavior of indoor particles of outdoor origin.

Acknowledgments
The authors gratefully acknowledge the assistance of two
exceptional students, Timothy Spence and Alba Webb, the
engineering assistance of Dennis Dibartolomeo, the advice
of Dr. Richard Sextro, and Dr. Tracy Thatcher for the
enormous effort in arranging and organizing the Clovis field
site. We thank Prof. Ron Cohen, Dr. Paul Wooldridge, and
Matt Dillon of the U.C. Berkeley Chemistry Department for
advice and assistance in measuring the loss of nitric acid on
different inlet materials and Dr. Andrew Kean for assistance
in development of the denuders. We thank Prof. Ronald
Amundson for generously donating some of the ion chro-
matography equipment. Thoughtful comments were pro-
vided by Dr. Urs Baltensperger, Dr. Susanne Hering, and
three anonymous reviewers. This research was supported
by the Assistant Secretary for Fossil Energy, Office of Natural
Gas and Petroleum Technology, through the National

Petroleum Technology Office under U.S. Department of
Energy Contract No. DE-AC03-76SF00098 and the Western
States Petroleum Association.

Literature Cited
(1) Brauer, M.; Koutrakis, P.; Spengler, J. D. Environ. Sci. Technol.

1989, 23, 1408-1412.
(2) Chan, C. C.; Hung, H. F.; Fu, L. F. Sci. Total Environ. 1994, 153,

267-273.
(3) Li, C. S.; Hong, Y. T.; Jenq, F. T. Sci. Total Environ. 1995, 164,

19-25.
(4) Patterson, E.; Eatough, D. J. J. Air Waste Manage. Assoc. 2000,

50, 103-110.
(5) Blanchard, C. L.; Roth, P. M.; Tanenbaum, S. J.; Ziman, S. D.;

Seinfeld, J. H. J. Air Waste Manage. Assoc. 2000, 50, 2073-2084.
(6) Stelson, A. W.; Seinfeld, J. H. Atmos. Environ. 1982, 16, 983-

992.
(7) Larson, T. V.; Taylor, G. S. Atmos. Environ. 1983, 17, 2489-

2495.
(8) Seinfeld, J. H.; Pandis, S. N. Atmospheric Chemistry and Physics

From Air Pollution to Climate Change; John Wiley & Sons: New
York, 1998.

(9) Hering, S. V.; Avol, E. In Proceedings of the Second Colloquium
on Particulate Air Pollution and Human Health; Park City, Utah,
1996; pp 3-52.

(10) Lunden, M. M.; Thatcher, T. L.; Littlejohn, D.; Fischer, M. L.;
Kirchstetter, T. W.; Brown, N. J.; Hering, S.; Stolzenburg, M.
Building a Predictive Model of Indoor Concentrations of Outdoor
PM-2.5 in Homes; Lawrence Berkeley National Laboratory: 2001.

(11) Lunden, M. M.; Thatcher, T. L.; Hering, S. V.; Brown, N. J. Environ.
Sci. Technol. 2002, submitted for publication.

(12) Thatcher, T. L.; Lunden, M. M.; Revzan, K. L.; Sextro, R. G.;
Brown, N. J. Aerosol. Sci. Tech. 2002, submitted for publication.

(13) Stolzenburg, M. R.; Hering, S. V. Environ. Sci. Technol. 2000, 34,
907-914.

(14) Dasgupta, P. K. Atmos. Environ. 1984, 18, 1593-1599.
(15) Simon, P. K.; Dasgupta, P. K.; Vecera, Z. Anal. Chem. 1991, 63,

1237-1242.
(16) Vecera, Z.; Dasgupta, P. K. Anal. Chem. 1991, 63, 2210-2216.
(17) Simon, P. K.; Dasgupta, P. K. Environ. Sci. Technol. 1995, 29,

1534-1541.
(18) Buhr, S. M.; Buhr, M. P.; Fehsenfeld, F. C.; Holloway, J. S.; Karst,

U.; Norton, R. B.; Parrish, D. D.; Sievers, R. E. Atmos. Environ.
1995, 29, 2609-2624.

(19) Zellweger, C.; Ammann, M.; Hofer, P.; Baltensperger, U. Atmos.
Environ. 1999, 33, 1131-1140.

(20) Loflund, M.; Kasper-Giebl, A.; Tscherwenka, W.; Schmid, M.;
Giebl, H.; Hitzenberger, R.; Reischl, G.; Puxbaum, H. Atmos.
Environ. 2001, 35, 2861-2869.

(21) Thornton, J. A.; Wooldridge, P. J.; Cohen, R. C. Anal. Chem.
2000, 72, 528-539.

(22) Neuman, J. A.; Huey, L. G.; Ryerson, T. B.; Fahey, D. W. Environ.
Sci. Technol. 1999, 33, 1133-1136.

(23) Neftel, A.; Blatter, A.; Hesterberg, R.; Staffelbach, T. Atmos.
Environ. 1996, 30, 3017-3025.

(24) Gormley, P. G.; Kennedy, M. Proc. R. Irish. Acad. 1949, 52A,
163-169.

(25) Fan, B. J.; Cheng, Y. S.; Yeh, H. C. Aerosol Sci. Tech. 1996, 25,
113-120.

(26) Shi, Q.; Davidovits, P.; Jayne, J.; Worsnop, D.; Kolb, C. E. J. Phys.
Chem. A 1999, 103, 8812-8823.

(27) Suh, H. H.; Koutrakis, P.; Spengler, J. D. J. Exposure Anal. Environ.
Epidemiol. 1994, 4, 1-22.

(28) Kalberer, M.; Ammann, M.; Gaeggeler, H. W.; Baltensperger, U.
Atmos. Environ. 1999, 33, 2815-2822.

(29) Saliba, N. A.; Mochida, M.; Finlayson-Pitts, B. J. Geophys. Res.
Lett. 2000, 27, 3229-3232.

(30) Wexler, A. S.; Seinfeld, J. H. Atmos. Environ. 1992, 26, 579-591.
(31) Parrish, D.; Fehsenfeld, F. Atmos. Environ. 2000, 34, 1921-1957.
(32) Pitts, J. N.; Biermann, H. W.; Tuazon, E. C.; Green, M.; Long, W.

D.; Winer, A. M. J. Air Waste Manage. Assoc. 1989, 39, 1344-
1347.

(33) Allen, A. G.; Miguel, A. H. Atmos. Environ. 1995, 29, 3519-3526.

Received for review September 6, 2002. Revised manuscript
received March 7, 2003. Accepted March 10, 2003.

ES026133X

FIGURE 6. Time-resolved measurements of the concentration of
ammonium nitrate particulate, NO3 (a), and gaseous ammonia, NH3

(g), measured outside and inside the residence. The lower portion
of the graph shows the concentration of the gaseous nitric acid,
HNO3 (g) inside the residence.
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